2+ concentration ([Ca 2+ ] i ) in skeletal muscles must be rapidly regulated during the excitation-contractionrelaxation process 1 . However, the signalling components involved in such rapid Ca 2+ movement are not fully understood. Here we report that mice deficient in the newly identified PtdInsP (phosphatidylinositol phosphate) phosphatase MIP/ MTMR14 (muscle-specific inositol phosphatase) show muscle weakness and fatigue. Muscles isolated from MIP/ MTMR14 -/-mice produced less contractile force, had markedly prolonged relaxation and showed exacerbated fatigue relative to normal muscles. Further analyses revealed that MIP/ MTMR14 deficiency resulted in spontaneous Ca 2+ leakage from the internal store -the sarcoplasmic reticulum. This was attributed to decreased metabolism (dephosphorylation) and the subsequent accumulation of MIP/MTMR14 substrates, especially PtdIns(3,5)P 2 and PtdIns (3,4)P 2 . Furthermore, we found that PtdIns(3,5)P 2 and PtdIns(3,4)P 2 bound to, and directly activated, the Ca 2+ release channel (ryanodine receptor 1, RyR1) of the sarcoplasmic reticulum. These studies provide the first evidence that finely controlled PtdInsP levels in muscle cells are essential for maintaining Ca 2+ homeostasis and muscle performance.
During a systematic genome-wide survey for tyrosine and dual specificity phosphatases (Supplementary Information, Methods), we discovered a new phosphatase by hidden Markov database mining using the conserved catalytic motif (V/I)(V/I)HCXXGXXR(T/S) as the bait sequence. We identified both human (NCBI accession number BC035690) and mouse (NCBI accession number BC018294) homologues, which had a 90% amino-acid sequence homology ( Supplementary Information,  Fig. S1 ). Northern blotting analysis showed that this phosphatase is predominantly expressed in skeletal and heart muscle ( Fig. 1a) .
Immunostaining indicated that it is primarily localized in the cytoplasm (data not shown). To verify its phosphatase property, we generated a glutathione S-transferase (GST) fusion protein and tested its catalytic activity using p-nitrophenyl phosphate (pNPP), a widely used non-specific substrate for tyrosine and dual specificity phosphatases. This new phosphatase did not significantly hydrolyze pNPP (Fig. 1b) . Instead, it dephosphorylated a variety of PtdInsPs, especially PtdIns(3,5)P 2 ( Fig. 1c) , similarly to PTEN (phosphatase and tensin homologue) and MTMR (myotubularin and myopathy related) phosphatases, which also favour PtdInsP substrates, despite containing tyrosine phosphatase domains 2 . As this new phosphatase is mainly expressed in skeletal and heart muscle, we named it MIP (muscle-specific inositol phosphatase). While our gene-knockout work on MIP/MTMR14 was continuing, another group also identified this phosphatase (NCBI accession number FLJ20133) in their comprehensive collection of tyrosine phosphatases from the human genome. They listed it as the fourteenth member of the MTMR family (MTMR14) based on the homology of its catalytic motif to myotubularin 3 . More recently, inactivating mutations in this phosphatase were identified in two cases of human autosomal centronuclear myopathy 4 . However, it has not yet been determined whether these mutations have a causal role in this disease.
To characterize the physiological function of MIP, we generated MIPdeficient mice through gene targeting ( Supplementary Information,  Fig. S2 ). MIP -/-mice were born at the Mendelian ratio and showed no obvious deficiencies during their first 12 months. It seems that heart development and basal functions of MIP -/-mice under resting conditions were not significantly affected (Supplementary Information, Tables S1, S2) . Interestingly, animal behaviour tests revealed a decreased motor function in MIP -/-mice ( Supplementary Information, Fig. S3 ). We reasoned that a muscle-specific phenotype might manifest itself more evidently during or after a stress response. Thus, untrained 16-24-week-old female wild-type and MIP -/-mice were run in a rodent treadmill until exhausted according to a protocol reported previously 5 . The running time of the knockout 1 mice was considerably decreased compared to that of the wild-type mice (Fig. 2a) . These strenuous-exercise results indicate that MIP -/-mice are prone to greater skeletal muscle fatigue. However, treadmill performance does not necessarily reflect intrinsic changes within the essential contractile features of intact skeletal muscles and may be related to other systemic changes. To directly measure muscle function, extensor digitorum longus (EDL, a fast-twitch muscle) was isolated from the animals used in the treadmill experiments 1-2 weeks after the fatigue tests and was assessed for contractility and fatigability characteristics. As shown in Fig. 2b , the forcegenerating capacity (magnitude of the maximal fused isometric tetanic contraction, T max ) of EDL muscles from the MIP -/-mice was reduced by ~60% compared with that of the control muscles. In addition, the relaxation profile of MIP -/-muscles was substantially prolonged. To further investigate the performance of isolated muscles, the in vitro intermittent fatigue of the muscles 6, 7 was studied. When compared with wild-type controls, on exposure to repeated electrical stimulations the resting baseline force of MIP mutant muscles increased, the maximum tetanic force quickly decreased and the muscles became non-responsive to subsequent stimulations (Fig. 2c) .
To systematically compare fatigability and fatigue recovery in wildtype and MIP -/-muscles, we tested the effects of in vitro fatigue stimulation on slow-twitch, fatigue-resistant soleus muscle. We found that soleus muscles from MIP -/-mice fatigued to a greater extent and recovered significantly less than wild-type muscles (Fig. 2d, e) . In addition, the kinetics of single tetanic contractions were altered in MIP -/-muscles and the plateau phase of the contraction was not well maintained (Fig. 2f) . We next determined T max of soleus muscles from MIP -/-mice and found that it was reduced by ~15% from that of wild-type muscles (Fig. 2g) . Finally, the normalized force versus frequency relationship was shifted to the right in MIP -/-muscles ( Fig. 2g) , that is, at any given frequency of stimulation less force was generated. These results, obtained from isolated intact muscles, reaffirmed that the contractility and relaxation defects of MIP -/-muscles are muscle-cell autonomous. Remarkably, the muscle phenotypes appear to be exacerbated in aged mutant mice. About 30% of MIP -/-mice older than 18 months displayed accelerated muscle wasting compared with wild-type littermates (Fig. 2h) .
The poor performance of MIP -/-muscles may indicate a defect in the regulation of [Ca 2+ ] i , because rapid cycling of [Ca 2+ ] i is critical for force production, relaxation and recovery from fatigue 1 . As [Ca 2+ ] i control in muscle cells primarily takes place in a highly specialized junctional structure (triad junction) that is formed from the transverse tubule invagination of the plasma membrane and the terminal cisternae of the sarcoplasmic reticulum 8 , we surveyed the morphology of this anatomic structure in mutant muscle cells. Electron microscopic examination revealed that the terminal cisternae of sarcoplasmic reticulum were slightly swollen (Fig. 3a) . Ultrastructures of mutant cells otherwise seemed normal.
To functionally test whether MIP -/-muscle cells might have impaired Ca 2+ signalling, we prepared primary myotubes and assessed [Ca 2+ ] i by the ratiometric fluorescence technique. The basal fluorescence ratio (the ratio of Fura-2 fluorescence at excitation wavelength 340 nm to that at 380 nm, F340/ F380) in MIP -/-myotubes was higher than that in wild-type cells (Fig. 3b, c) , indicating elevated resting [Ca 2+ ] i . We changed the extracellular buffer (ECB) from one that was Ca 2+ -containing (1.5 mM) to one that was Ca 2+ -free and added caffeine and ryanodine (these induce sustained opening of the RyR1 channel; Fig. 3b) 9,10 or thapsigargin (a potent inhibitor of the sarcoplasmic or endoplasmic reticulum Ca 2+ -ATPase pump), which inhibits the reuptake of Ca 2+ into the sarcoplasmic reticulum 11 (Fig. 3c) . This resulted in a rapid and transient elevation of [Ca 2+ ] i before loss of Ca 2+ from the myotubes. Under these conditions, the magnitude of the initial transient [Ca 2+ ] i was reduced in MIP -/-cells compared with that of wild-type cells (Fig. 3b, c) , suggesting a decreased Ca 2+ content in the mutant sarcoplasmic reticulum. Moreover, the duration of the decaying phase was markedly increased in the mutant cells, indicating a prolonged release or a defective clearance of [Ca 2+ ] i . (1 μM) or GST alone protein (1 μM) was incubated with pNPP as described in Supplementary Information, Methods. The reaction was stopped with NaOH (0.1 M) and pNPP hydrolysis was determined by measuring absorbance at 410 nm (OD 410 nm). Dual specificity phosphatase 23 (GST-DUSP 23) was included as the positive control. (c) GST-MIP (1 μg) was tested for its dephosphorylating activity using the indicated PtdInsPs (di-C8, an eight carbon-long fatty acid on a glycerol backbone; Echelon Biosciences Inc.) as substrates. In b and c, three independent experiments were performed and similar results were obtained in each, data are mean ± s.d. of triplicates from one experiment.
Store operated Ca
2+ entry (SOCE), capacitative Ca 2+ entry through store-operated Ca 2+ channels on the plasma membrane after the depletion or decrease of Ca 2+ from internal stores, is a universal mechanism that provides a direct way of refilling intracellular Ca 2+ stores 12 .
As MIP -/-muscles had lower levels of Ca 2+ in their sarcoplasmic reticulum, we reasoned that a compromised SOCE could have contributed to their -/-(-/-) mice were run in a rodent treadmill until exhausted (see Supplementary Information, Methods). Three trials were conducted on each animal and the average running times were obtained. Data are mean ± s.e.m., n = 7, *P < 0.003 as determined by one-way ANOVA followed by Tukey's post hoc test. (b) One to two weeks after the treadmill tests, EDL muscles isolated from wild-type and MIP -/-mice were subjected to contractility measurements. The cross-sectional area-normalized T max (magnitude of the maximal fused isometric tetanic contraction) of MIP -/-(n = 8) and wild-type (n = 12) EDL muscles were 130 ± 28 kPa and 280 ± 32 kPa, respectively. Data are mean ± s.e.m., P < 0.001 as determined by Kruskal-Wallis one-way ANOVA on ranks test, representative results are shown. (c) EDL muscles isolated from wild-type and MIP -/-mice were subjected to in vitro muscle fatigue tests using repeated electrical stimulations (n = 7-8 (Fig. 3b, c (Fig. 3d, e) . In addition, we found that the resting [Ca 2+ ] i was increased in MIP -/-fibers (Fig. 3d, f) , consistent with earlier observations in myotubes (Fig. 3b, c) . Thus, ablation of MIP causes diminished Ca 2+ storage within the sarcoplasmic reticulum and an elevated [Ca 2+ ] i , findings that are consistent with and supported by the muscle weakness and impairment of muscle relaxation in MIP -/-mice ( Fig. 2b-d, f) . ] i in wild-type and MIP -/-FDB fibers. In e and f, data are mean ± s.e.m. from 12-13 preparations, *P < 0.03 as determined by one-way ANOVA followed by Tukey's post hoc test.
MIP dephosphorylates multiple PtdInsPs (Fig. 1c) , especially PtdIns(3,5) P 2 , the most recently identified phosphatidylinositol-bisphosphate (PtdInsP 2 ) isomer whose subcellular localization and function in mammalian cells have not been well characterized 16, 17 . To test whether the dysfunction of store-operated Ca 2+ signalling in MIP-deficient cells is associated with decreased dephosphorylation or metabolism of PtdIns(3,5)P 2 , we first (c-f) PtdIns(3,5)P 2 (di-C 16 ; c), PtdIns(5)P (di-C 16 , a 16 carbon-long fatty acid on a glycerol backbone; d), and other PtdInsPs (di-C 16 ) as indicated (e, f) were delivered into myotubes at a concentration of 200 nM for 20 min, using Shuttle PIP kits following the manufacturer's protocol (Echelon Biosciences Inc.). Carrier 2 was used to deliver PtdIns(3,4)P 2 , PtdIns(3,5)P 2 , PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 . Carrier 3 was used to deliver PtdIns(3) P and PtdIns(5)P. Ca 2+ signalling was then analysed as described in Fig. 3c . Representative results of three experiments are shown. determined the subcellular localization of PI(3,5)P 2 in myotubes. Confocal microscopic examination after immunostaining showed that it resided in the sarcoplasmic reticulum, as confirmed by its co-localization with the endoplasmic reticulum-specific protein disulfide isomerase (PDI; Fig. 4a ). We then assessed PtdIns(3,5)P 2 levels in MIP -/-sarcoplasmic reticulum by immunostaining myotubes with anti-PtdIns(3,5)P 2 and anti-PDI antibodies and performing laser scanning cytometric analyses 18, 19 . As shown in Fig. 4b , immunofluorescence microscopy showed the intensity of PtdIns(3,5)P 2 in MIP -/-sarcoplasmic reticulum, defined by PDI-positive areas, to be twice that of wild-type reticulum, confirming excessive accumulation of PtdIns(3,5)P 2 in the mutant sarcoplasmic reticulum. We next dialyzed wild-type and MIP -/-myotubes with PtdIns(3,5)P 2 (200 nM) or its hydrolyzed product, PtdIns(5)P (200 nM), and monitored Ca 2+ signalling. As illustrated in Fig. 4c , perfusion with PtdIns(3,5)P 2 resulted in dysfunction of the sarcoplasmic reticulum in wild-type myotubes, recapitulating the defects of Ca 2+ signalling in MIP -/-cells (Fig. 3b, c) (Fig. 4d ). Furthermore, we tested other PtdInsPs that can be dephosphorylated by MIP. As shown in Fig. 4e , overloading of PtdIns(3,4)P 2 or PtdIns(3)P (to a lesser extent), but not PtdIns(4,5)P 2 or PtdIns(3,4,5)P 3 , also prolonged the decaying phase of thapsigargin-triggered [Ca 2+ ] i transients in wild-type myotubes. Overloading of these PtdInsPs into MIP -/-cells either did not increase, or only slightly increased Ca 2+ signalling defects (Fig. 4f) . Together, these PtdInsP perfusion results support the idea that dysfunction of the Ca 2+ store (sarcoplasmic reticulum) in MIP-deficient muscle cells is attributable to increased levels of PtdInsP substrates, especially PtdIns(3,5)P 2 and PtdIns(3,4)P 2 .
To define the molecular mechanisms underlying the disrupted Ca 2+ homeostasis in MIP -/-cells, we assessed SERCA ATPase activity, which is responsible for reuptake of Ca 2+ into the sarcoplasmic reticulum, as reported previously 20, 21 . To test for the contribution made by a potential functional change in membrane Na + /Ca 2+ exchangers to the phenotypes, we treated myotubes with KB-R9743, a selective inhibitor for the reverse mode of the Na + /Ca 2+ exchanger 22 . Neither SERCA ATPase nor the Na + / Ca 2+ exchanger appeared to be affected in MIP -/-cells ( Supplementary  Information, Fig. S4 ). Thus, these data led us to the hypothesis that Ca 2+ stores in MIP -/-cells were spontaneously leaky. To test this hypothesis, we focused on potential functional changes in RyR1 (A002108), the skeletal muscle Ca 2+ release channel on the sarcoplasmic reticulum 23, 24 . First, we tested for potential physical interactions of MIP PtdInsP substrates with RyR1 protein, using PtdInsP array analyses. As shown in Fig. 5a , PtdIns(3)P, PtdIns(5)P and PtdIns(3,5)P 2 bound to purified RyR1. In addition, PtdIns(4)P and PtdIns(3,4,5)P 2 showed weak binding to RyR1. The direct physical interaction between PtdIns(3,5)P 2 and RyR1 was further verified by a PtdIns(3,5)P 2 -agarose bead pulldown assay and anti-PtdIns(3,5)P 2 co-immunoprecipitation analysis (Fig. 5b) 25, 26 . The dose-response curve conducted at near-optimal (pCa 5, 10 -5 M) free Ca 2+ (Fig. 5c) showed that of all the PtdInsPs tested, PtdIns(3,5)P 2 was the most effective at activating RyR1, even though its physical interaction with the RyR1 protein was weaker than that of PtdIns(3)P and PtdIns(5)P (Fig. 5a ). In addition, PtdIns(3,4)P 2 also activated RyR1, despite binding very weakly to it. The observation that the RyR1-binding affinity of PtdInsPs does not directly correlate with their effects on RyR1 channel activation suggests that some RyR1-PtdInsP interactions are functionally more productive than others, and that PtdInsPs each elicit distinct re-arrangements of the channel protein that have differing repercussions on channel gating. PtdInsP function in regulating ion channels and transporters is complicated. This is exemplified by PtdIns(4,5)P 2 , the best characterized PtdInsP. The effects of PtdIns(4,5)P 2 on various channels and transporters includes activation, inhibition and insensitivity 27 . Clearly, further systemic studies are needed to determine the structure-activity relationship of PtdInsPs on RyR1 channel function.
We (Fig. 5d) , which is similar to the relationship between Ca 2+ and the probability of single RyR1 channels being open (P o ) 25, 26 . In the presence of PtdIns(3,5)P 2 , the binding curve maintained the same bell shape; however, the absolute binding values were dramatically increased, especially between pCa 7 and pCa 4. These results strongly suggest that partial Ca 2+ depletion in the sarcoplasmic reticulum of MIP -/-muscle cells may be caused by direct activation of the RyR1 Ca 2+ release channel by accumulated MIP PtdInsP substrates.
Finally, we directly tested the functional significance of the interaction between PtdIns(3,5)P 2 and RyR1. PtdIns(3,5)P 2 was added to RyR1 reconstituted lipid bilayers. A nominally free Ca 2+ solution (~5 μM of contaminant Ca 2+ ) in the cis (cytosolic) side served to activate RyR1 (Fig. 5e ). Before addition of PtdIns(3,5)P 2 , the P o of the RyR1 channel multiplied by the number of channels in the recording (NP o ), was low (1.15 ± 0.3, n = 3). Addition of PtdIns(3,5)P 2 (30 and 60 μM) induced a significant increase in open events, NP o to 1.92 ± 0.4 and 2.6 ± 0.6 (n = 3), respectively ( Fig. 5e; Supplementary Information, Fig. S5a ). The effect of PtdIns(3,5) P 2 on the RyR1 channel was even more dramatic at a low concentration of free Ca 2+ (pCa7; Fig. 5f ), suggesting an enhancement of Ca 2+ leakage and Ca 2+ -induced Ca 2+ release (CICR) activities by PtdIns(3,5)P2. The basal activity of the RyR1 channel was minimal under this condition (P o = 0.08 ± 0.03, n = 3; Fig. 5f; Supplementary Information, Fig. S5b ), but increased to P o = 0.28 ± 0.04 and 0.51 ± 0.11 (n = 3) immediately after addition of 30 and 60 μM PtdIns(3,5)P 2 , respectively (n = 3). Unitary conductance (~700 pS) remained unchanged after addition of PtdIns(3,5) P 2 . These electrophysiological analyses demonstrate that PtdIns(3,5)P 2 binds to RyR1 and directly modifies channel activity at contracting (pCa 5) and resting (pCa 7) levels of Ca 2+ , suggesting that the enhanced CICR and increased Ca 2+ leakage observed in MIP -/-cells may be due, at least in part, to the increased PtdIns(3,5)P 2 levels resulting from MIP absence.
In summary, our studies provide the first evidence that finely controlled PtdInsP levels in the sarcoplasmic reticulum membrane, and possibly the sarcolemmal membrane, are critical for the proper function of the sarcoplasmic reticulum in Ca 2+ storage and in rapidly regulating intracellular Ca 2+ . However, the mechanisms that regulate MIP activity and thus PtdInsP levels in normal skeletal muscle physiology remain to be addressed. As PtdInsPs, especially PtdIns(3,5)P 2 , are also the major substrates of other phosphatases of the MTMR family 2 , dysregulated metabolism or dephosphorylation of these PtdInsPs may also be responsible for MTMR phosphatase-associated muscle disorders. Further exploration of the PtdInsP pathway involved in intracellular Ca 2+ homeostasis may provide new therapeutic targets for these muscle diseases. 
METHODS

Methods
CoMpeTiNG fiNANCiAl iNTereSTS
DOI: 10.1038/ncb1884
M E T H O D S
METHODS
Generation of MIP
-/-mice. The MIP allele was targeted by homologous recombination. Exon 3, containing the start codon ATG, to exon 5 was replaced with a neomycin (Neo) cassette. The targeting vector was constructed using the recombineering technique. It was then electroporated into D1 mouse embryonic stem (ES) cells with a 129S6 × C57BL/6J hybrid background. G418-resistant ES cell clones were isolated and screened by PCR genotyping using the primers as shown in Supplementary Information, Fig. S2a . Two ES cell clones containing a correctly targeted MIP allele were used to generate chimaeric mice. Three germline transmitted chimaeric mice were obtained and used to cross C57BL6J mice to produce heterozygous (MIP +/-) mice. MIP +/-mice were backcrossed with C57BL6J mice for three generations and the F4 generation of mice were used for studies. No differences in the two lines of mutant mice derived from the original two ES cell clones were detected.
Contractile properties of skeletal muscle. We tested the in vitro contractility properties of intact, anatomical muscles from the animals as described previously 5, 28 . Wild-type and mutant EDL and soleus muscles were dissected intact and placed into Ca 2+ -modified (2.5 mM) Ringer solution (142 mM NaCl, 5 mM KCl, 2.5 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES and 10 mM glucose at pH 7.4) bubbled with O 2 (100%). We compared the results with those obtained using a bicarbonate buffer system and did not observe any significant differences. After careful dissection, a pair of control and mutant intact muscles were mounted vertically onto 20-ml Radnotti glass chambers with built in platinum stimulating electrodes (Radnoti Products). One tendon of each muscle was attached to a force transducer and the other one to a stationary arm in preparation for in vitro fatiguing experiments. A Powerlab computer-interface program (AD Instruments) was used to control the electrical stimulation protocols and to record, digitize and store force output data. Field stimulation (squared-waves electrical currents of 500-msec duration, 300 mA using stimulation frequencies in the range of ~1-180 Hz) was accomplished with the platinum electrodes running on both sides of the muscles. Wild-type and MIP -/-muscles were mounted in parallel and their resting lengths were adjusted to produce maximal isometric twitch force. The muscles were then used to obtain the relationship between force and frequency, and the stimulating frequencies that produced T max were determined. Frequencies that produced T max were then used for the remainder of the protocols. After 20 min of equilibration (1-min intervals, 0.83% duty cycle) at a high frequency, muscles were exposed to a fatiguing stimulation protocol (1-sec intervals, 50% duty cycle) using the same frequency of stimulation for 5 min. The fatiguing protocol used in this study was modified from our previous protocol 6, 7 . Force output data during fatigue were normalized to T max before the onset of fatigue and analyzed by Origin software (OriginLab Corp.). T max was normalized to the cross-sectional area of each muscle and is reported in kPa. All experiments were conducted at room temperature (23 ± 2 °C).
Ca
2+ fluorometry. Primary myoblasts were isolated from hind-limb muscles of wild-type and MIP -/-neonates, grown and differentiated into myotubes as described previously 29 . Three independent isolates of each genotype were analyzed. Spatial and temporal distribution of [Ca 2+ ] i in individual myotubes was determined as reported previously 10, 30 . After 4-5 days of differentiation, myotubes derived from primary myoblasts were loaded with Fura -free balanced salt solution (ECB was deficient in Ca 2+ and supplemented with 0.5 mM EGTA). The extracellular bath solution was then changed to ECB containing Ca 2+ (2 mM) and the average ratio of F340/F380 was continuously monitored. In some cases, after 3 min the extracellular buffer was changed to ECB containing SKF-96365 (50 μM or 100 μM) and [Ca 2+ ] i was monitored for an additional 8 min. For the determination of resting cytosolic Ca 2+ and total sarcoplasmic reticulum Ca 2+ content, intact FDB fibers directly dissected from adult mice were used. In brief, FDB fibers were isolated by enzymatic disassociation in type I collagenase (0.2%, Sigma-Aldrich). The mean FDB fiber size was 1 mm × 20 μM. The fibers were loaded with Fura-2 AM (10 μM) for 45 min at room temperature in Tyrode solution. A myosin inhibitor, N-benzyl-p-toluene sulphonamide (20 μM), was applied for 15 min to prevent motion artifacts from muscle contraction 31 . Fibers were also embedded into silicone grease to maintain their position in the culture dish 32 . The ratio of Fura-2 fluorescence at excitation wavelength 350 nm to that at 380 nm was measured on a PTI spectrofluorometer (Photon Technology International) to assess [Ca 2+ ] i . Total sarcoplasmic reticulum Ca 2+ storage was measured by the addition of ionomycin (5 μM) in the presence of CaCl 2 (2 mM) to the bath solution. ]ryanodine binding to purified rabbit skeletal muscle sarcoplasmic reticulum was performed as described previously 25, 26 . The incubation medium (0.2 M KCl, 40 mM Na-HEPES at pH 7.2, 7 nM [ 3 H] ryanodine, 1 mM EGTA) contained various concentrations of CaCl 2 as necessary to set the free Ca 2+ to 10 nM-10 mM. Mouse skeletal muscle sarcoplasmic reticulum-enriched microsomes (60 μg) were added to the incubation medium together with PtdIns(3,5)P 2 (to the indicated concentrations). Samples (0.1 ml) were incubated at 37 °C for 90 min. Mathematical fitting of data was accomplished with the computer program Origin (version 7.0; Micro-cal Inc.).
Planar lipid bilayer technique.
Purified rabbit skeletal muscle RyR1 protein was reconstituted into Muller-Rudin planar lipid bilayers as described previously 25, 26 . Single channel data were collected at steady voltages (+35 mV, cis chamber grounded) for 2 min in symmetrical cesium methane-sulfonate (300 mM) and Na-HEPES (10 mM at pH 7.2). The recording solution contained ~ 5 μM free Ca 2+ as assessed by a calibration curve, which was sufficient to activate the RyR1 channel. Various concentrations of PtdIns(3,5)P 2 were added to the cis chamber, which corresponded to the cytosolic side of the channel. Signals were digitized at 4 kHz and analyzed after filtering with a lowpass 8-pole Bessel filter at a sampling frequency of 1.5 kHz. Data acquisition and analyses were performed with Axon Instruments software and hardware (pClamp version 8.03; Digidata 200 AD/DA interface). The full-and nonconducting current values were obtained from Gaussian fits to the amplitude histograms, as described previously 24, 25 .
Accession codes. USCD-Nature Signaling Gateway (http://www.signaling-gateway.org): A002108. S . Table S1 and S2 Heart development and basal functions are not significantly disturbed in MIP -/-mice. Twelve week old WT and MIP -/-female mice (Table S1 , n=3) and male mice (Table S2 , n=5) were examined by echocardiography as described in Supplementary Information, Methods. Parameters were analyzed by t test. Note that no significant differences in echocardiography were found between WT and mutant female mice under resting conditions. In MIP -/-male mice, however, the cardiac index and end diastolic diameter were increased while posterior wall thickness was decreased. Analysis of cardiac sizes and functions by echocardiography (male mice) Table S1   Table S2 via sonication in the assay buffer (100 mM sodium acetate, 50 mM bis-Tris, 50 mM Tris pH 5.5, and 10 mM dithiothreitol) to final concentrations of 100 and 1000 µM, respectively. Equal volumes of di-C 8 phosphoinositides and dioleoylphosphatidylserine were added into microcentrifuge tubes and the mixtures were prewarmed at 37°C for 5 min. Reactions were initiated by the addition of 1 µg of GST-MIP fusion protein diluted in the assay buffer containing 1.0 mg/ml gelatin.
Analysis of cardiac sizes and functions by echocardiography (female mice)
Reactions were quenched after 30 min by the addition of 20 µl of 0.1 M Nethylmaleimide and spun to sediment the lipid aggregates. The supernatant (25 µl) was added to a 96-well plate and 100 µl of Malachite green reagent (Echelon Biosciences Inc., Salt Lake City, UT) was added to each well. After incubation at room temperature for 15 min, the color development was measured at 620 nm.
Inorganic phosphate release was quantified based on a standard curve generated with KH 2 PO 4 in distilled H 2 O.
Rotarod and inclined screen tests 1, 2 . Motor coordination and function were tested using a RotaRod (Columbus Instruments, Columbus, OH). Each mouse was given 3 trials on the RotaRod which accelerated at a consent rate from 4 to 40 rpm in a 5 min period.
When the animals were no longer able to stay on the accelerating wheel, they fell into a waiting chamber and the latency to fall was recorded. The scores from the 3 trials were averaged for each animal. An inclined screen (90 degree) was used to evaluate muscle strength by measuring latency to the top of the screen. Mice were placed in the middle of the screen, facing upward, and were given 60 sec(s) to reach the top of the screen. Each Echocardiography. Left ventricular function was evaluated by echocardiography using a Sequoia C256 System (Siemens Medical) with a 15-MHz linear array transducer as previously described 4 . Briefly, mice were anesthetized with 1.5-2% isoflurane by mask, the chest was shaved, the animal was situated in the supine position on a warming pad, and ECG limb electrodes were placed. Two-dimensional (2-D), 2-D-guided M-mode, and Doppler echocardiographic studies of aortic and transmitral flows were performed from parasternal and foreshortened apical windows. End-diastolic and end-systolic dimensions were measured by using software resident on the ultrasonograph, and fractional shortening, myocardial performance index, and cardiac index were calculated as previously described 5 .
